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Abstract 
Coagulants can be dosed at different points during the wastewater treatment process to achieve phosphorous removal. 
Addition of metal coagulants on the aeration basin (simultaneous precipitation) involves lowest cost; however, inert 
solids reduce the volatile solids percentage which can be deleterious to the biological process. The general objective 
of the present study was to analyze the feasibility of P removal in a wastewater model system of the dairy industry 
using simultaneous precipitation in a laboratory-scale activated sludge reactor by addition of ferric chloride. Results 
showed that the addition of a high dose Fe:P (molar ratio)= 1.9-2.3:1 on the aeration basin of the reactor caused a 
progressive enrichment of the sludge with inorganic solids. This phenomenon, which involved a gradual deterioration 
of the environmental quality of the biological system, led finally to a strong decline of the reactor performance. The 
organisms associated to flocs (crawling ciliates and attached ciliates) were the more sensitive to these changes. A 
mathematical model allowed the estimation of the concentration of total fixed suspended solids as well as the 
decrease in the abundance of these organism groups as a function of time of Fe(III) application, considering the 
influent flow rate, the influent Fe concentration, and the waste flow rate of the sludge. The Shannon-Wiener diversity 
index and the sludge biotic index (SBI) can early predict the decreasing of the system performance due to metal salts 
overload. The simultaneous application of the proposed mathematical model and the biological indices guarantee a 
successful control of systems operated with phosphorous simultaneous precipitation by Fe(III).  
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1.Introduction  
The presence of phosphorous (P) in wastewater frequently causes eutrophication of aquatic systems, 
generating conditions of hypoxia or anoxia. Phosphorous from wastewater can be present as 
orthophosphate, inorganic condensed phosphates (polyphosphates and metaphosphates) and 
organophosphates. Iron-base coagulants are widely used for the removal of P. The addition of iron salts 
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on the aeration basin of activated sludge systems using doses Fe:P greater than 1.5:1 (molar ratio) is 
recommended. Simultaneous precipitation involves lowest cost; however, inert solids added to the 
aeration basin reduce the percentage of volatile solids [1], which can be deleterious to the biological 
process. The effect of metal salts on the activated sludge performance is commonly assessed by physical-
chemical parameters such as biochemical oxygen demand (BOD5), chemical oxygen demand (COD), 
dissolved organic carbon (DOC), ammonium (NH4), total nitrogen, suspended solids (SS) and turbidity; 
however, these parameters do not reliably reflect gradual changes in the efficiency of the system. A 
periodic analysis of the microfauna would allow monitoring the progressive toxic effect of the coagulant. 
Overall, in an efficient process, microfauna with large numbers of organisms ( 106/L) composed mainly 
of crawling ciliates and attached ciliates well diversified, where no group dominates numerically over the 
others by a factor > 10, is observed [2]. 
The general objective of the present study was to analyze the feasibility of P removal in a wastewater 
model system of the dairy industry using simultaneous precipitation in a laboratory-scale activated sludge 
reactor by addition of ferric chloride. The specific objectives were: a) To assess the effect of the Fe(III) 
on the environmental quality of the biological system. b) To detect key operational factors of the reactor 
and to identify organism groups most sensitive to the coagulant in order to facilitate the process control. 
c) To propose a mathematical model relating the Fe(III) load with the system environmental quality 
represented by the abundance of organisms belonging to key morphological-functional groups of the 
microfauna and, d) To analyze the effect of the coagulant on the microfauna by applying the diversity 
index of Shannon-Wiener and the sludge biotic index (SBI).  
2. Materials & Methods 
An activated sludge reactor was operated in a continuous flow mode with a hydraulic residence time of 
29 h and a cellular residence time of 21 days. The reactor consisted of an aeration basin coupled with a 
clarifier. The reactor was fed with a model wastewater of a dairy industry: cheese whey, 1.5 g/L as COD; 
(NH4)2SO4, 0.94 g/L; KH2PO4, 0.071 g/L; Na2HPO4·7H2O, 0.213 g/L; NaHCO3, 1.0 g/L; resulting 
nitrogen as ammonia (NH3-N), 199.0 mg N/L; phosphorous as orthophosphate (PO43--P), 40.0 mg P/L and 
total P, 45.5 mg P/L. Firstly the system was run without addition of FeCl3 (control period = 0-90 days). 
Then, FeCl3.6H2O (2.02 g Fe/L) was continuously added to the aeration basin to achieve different dose 
ranges Fe:P (molar ratio): high= 1.9-2.3:1, mean= 1.5-1.9:1 and low=1.0-1.4:1.  
The following physical-chemical parameters were analyzed: pH, total suspended solids (TSS), fixed 
suspended solids (FSS) and volatile suspended solids (VSS) in the aeration basin; COD, TSS, PO43--P, 
total P, NH3-N, total Fe and soluble total Fe in the final effluent.  
The organisms of the microfauna were identified and quantified using an optical microscope (Leica 
DMLB, Germany). The organisms were classified into the following morphologic-functional groups: 
swimming ciliates, attached ciliates, crawling ciliates, nematodes and rotifers. The sludge biotic index 
SBI and Shannon-Wiener diversity index were applied. The SBI allows the definition of the biological 
quality of the sludge using numerical values (0-10) and grouping the SBI values into 4 quality classes (I-
IV). Class I includes SBI values ranging between 8 and 10 and indicates very good performance of the 
plant; class II corresponds to SBI 6 and 7 and indicates good performance; class III corresponds to SBI 4 
and 5 indicating mediocre performance and class IV includes values < 4 indicating low performance [2]. 
The Shannon-Wiener diversity index based on the abundance of ciliate genera (H) was calculated by 
the following expression [3]: 
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where G is the number of ciliate genera, Wi is the relative abundance of the genus i-th (ratio between 
the number of ciliates of the genus i-th and total number of ciliated protozoa), log2 is the binary 
logarithm. 
3. Results & Discussion 
3.1 Performance of the activated sludge reactor 
An improvement of the soluble P and COD removal was achieved with a high Fe:P ratio = 1.9-2.3:1. 
During the initial period of application of the coagulant, the concentrations of total Fe (FeT) and total P 
(PT) of the final effluent showed relatively high values, ranging between 20.8 and 43.5 mg/L for FeT and 
between 7.3 and 9.3 mg/L for PT (95-104 days, Fig. 1). Later, in the period 107-114 days, lower 
concentrations were measured; thus, the reactor performance improved significantly after a response time 
of at least 15-17 days of chemical treatment (Fig. 1). This improvement can be associated to the gradual 
incorporation of Fe(III) and particles containing Fe-P (ferric hydroxyphosphate) into the microbial flocs. 
Finally, between 120 and 150 days, the FeT and PT concentrations increased strongly indicating that the 
prolonged application of high coagulant doses caused a sudden deterioration of the reactor performance 
(Fig. 1). The optimal range of doses was 1.5-1.9:1, which caused a decrease in the PT and FeT 
concentrations of the final effluent (Fig. 1).   
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Soluble phosphorous (PO43-), total P (PT) and total Fe (FeT) of the final effluent as a function of the operation time of the 
reactor. (ż) PO43- (mg/L); (x) PT (mg/L); (¨) FeT (mg/L). 
 
3.2 Identification of key chemical parameters for the control of activated sludge systems operated with 
phosphorous simultaneous precipitation 
The addition of Fe(III) produced a marked increase of the concentration of FSS in the aeration basin. 
Fe(III) and formed ferric hydroxyphosphate complexes were incorporated into the microbial flocs causing 
a significant increase in the inorganic fraction of the sludge (Fig. 2). This situation involved a noticeable 
deterioration of the environmental quality of the biological system (Fig. 1). These results indicated that 
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the FSS concentration of the aeration basin constitutes a key parameter for the control of the P 
simultaneous precipitation process. The development of a mathematical model to estimate the FSS 
content of the sludge as a function of time would allow monitoring such system.  
3.3 Mathematical model  
3.3.1 Estimation of the fixed suspended solids concentration of the activated sludge system 
The following mass balances for total soluble Fe (FeTS) and particulate Fe (FePartic) concentrations were 
proposed: 
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where V is the total system volume (L); FeTS is the total soluble Fe concentration (g/L); Qo is the 
influent flow rate of the reactor (L/day), corresponding to the sum of the input flows: QFe (influent Fe 
flow rate) and QF (feed flow rate of the wastewater); Feo is the influent Fe concentration (g/L); k1 is a Fe 
precipitation constant as colloidal ferric hydroxyphosphate complexes (day-1); QE is the secondary (final) 
effluent flow rate of the system (L/day), equivalent to Qo; FeP is the particulate Fe concentration (> 1.5 
μm) of the system (g/L); k´ is a global aggregation constant of Fe (day-1) and QW is the waste flow rate of 
the sludge (L/day). The operative conditions were: Qo = 3.43 L/day, QFe = 0.31 L/day, QF = 3.12 L/day, 
Feo = 0.173 g/L, QE = 3.43 L/day, QW = 0.18 L/day. The term Qo Feo (g/day) of Eq. (2) corresponds to the 
input rate of the soluble ferric ion, the term k1 FeTS V (g/day) of Eq. (2) corresponds to the formation rate 
of the insoluble Fe precipitates (named colloidal ferric hydroxyphosphate complexes). The term QE FeTS 
(g/day) corresponds to the amount of FeTS that escapes from the system by the final effluent. The term k  ´
FeTS V (g/day) in Eq. (3) corresponds to the Fe aggregation rate, including both the precipitation of Fe to 
form ferric hydroxyphosphate colloids and the aggregation of these complexes by 
coagulation/flocculation. The formed chemical flocs are retained by the standard 1.5 μm glass-fibre 
membrane. This fraction accumulates in the system by sedimentation in the clarifier. The term QW FeP 
(g/day) corresponds to the quantity of FeP removed from the system by daily wasting of mixed liquor.  
Solving the system of equations, considering the stoichiometric mass ratio of the formed precipitate 
(Fe (PO4)0.821 (OH)0.472), and integrating between t = 0 (initial state without added Fe(III)) and t (time of 
exposure to Fe(III)), the total fixed suspended solids (FSST) concentration of the aeration basin can be 
estimated as follows: 
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where FSSo corresponds to the initial FSS (g/L), and L is the lag phase or response time. 
Eq. (4) allows the estimation of the concentration of FSST of the system as a function of the Fe(III) 
application time considering the influent flow rate, the influent Fe concentration, and the waste flow rate 
of the sludge. This equation was satisfactorily fitted to the experimental data by non linear regression. 
The following parameters were determined: k´ = 31.260 day-1 (SD = 1.392 day-1), L = 7.090 day (SD = 
0.814 day) and k1 = 58.27 day-1 (Fig. 2).   
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Fig 2. Total fixed suspended solids (FSST) of the aeration basin as a function of the reactor operation time with high Fe:P molar 
ratio. (Ɣ) FSST. (——) Predictions by Eq. (4).  
3.3.2 Estimation of the abundance of organisms belonging to morphological-functional groups related to 
the environmental quality of the biological system  
High Fe(III) doses affected negatively the organism groups of the microfauna closely associated with 
the microbial flocs: crawling ciliates and attached ciliates (Fig. 3). These organism groups can be 
considered the most sensitive to the deterioration of the environmental quality of the system, thus a 
mathematical expression that relates the decay of these groups with the progressive increase of the 
inorganic solids content of the system could be an useful tool to avoid Fe(III) over-load. 
The abundance of organisms belonging to microfauna groups associated with the microbial flocs can 
be expressed as follows: 
 
FlocTFlocWFloc
Floc CilFSSVkCilQCilVk
dt
dCil
V
32
     (5) 
 
where CilFloc is the number of ciliated protozoa associated with the microbial flocs (No/L), k2 is the mean 
growth coefficient of these ciliates (day-1), k3 is the decay coefficient of these organisms (L/(g FSST 
day)). The term k2 V CilFloc (No/day) corresponds to mean growth rate of CilFloc. The term QW CilFloc 
(No/day) corresponds to the amount of CilFloc removed from the system by daily wasting of sludge. The 
term k3 V FSST CilFloc (No/day) is the decay rate of CilFloc due to the presence of FSST. 
Eq. (5) was combined with Eq. (4) and integrated between t = 0 (initial state without added Fe) and t 
(time of exposure to Fe(III)) obtaining the following expression: 
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where CilFloco is the initial number of ciliates associated with the microbial flocs (No/L). 
Eq. (6) allows the estimation of the abundance of CilFloc as a function of time. This Eq. was 
satisfactorily fitted by non linear regression to the experimental data (Fig. 3). The following parameters 
were determined: k2 = 0.0145 day-1 (SD= 0.0096 day-1), k3 = 0.0064 L/(g FSST day) (SD= 0.0035 L/(g 
FSST day)). For the initial conditions, a decrease of one order of magnitude in the abundance of CilFloc can 
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be estimated after 24 days of Fe(III) addition. In this situation, it is advisable to reduce the dose of Fe(III), 
because the maintenance of high doses for extended periods caused a strong deterioration in the 
performance of the system. 
 
 
 
 
 
  
 
 
 
Fig 3. Ciliated protozoa associated with the microbial flocs (CilFloc) of the aeration basin as a function of the reactor operation time 
with high Fe:P molar ratio. (Ɣ) CilFloc. (——) Predictions by Eq. (6). 
 
3.4 Biological indices as indicators of the reactor performance  
The Shannon-Wiener index (H) reflected the system stability; the SBI revealed the biological quality 
of the sludge. High values of these indices reflected a good performance of the activated sludge process; 
low values of the SBI and the fluctuation of the H index indicated a decline of the system environmental 
quality leading to an unstable process due to Fe(III) overload (Fig. 4). 
The biological indices showed an initial improvement in living conditions related to a rapid 
improvement of the reactor performance caused by the Fe(III) addition. This situation was associated to 
the incorporation of Fe(III) and ferric hydroxyphosphate complexes in the microbial flocs, which 
improved rapidly the sludge settling properties causing a sudden improvement in the COD removal. 
Nevertheless, the concentration of fixed suspended solids increased strongly after 30 days of continuous 
application of Fe(III) leading to the formation of dispersed chemical flocs that deteriorated the final 
effluent quality.  
The biological indices detected the deterioration of the system environmental quality, caused by the 
progressive enrichment of the activated sludge with inorganic solids, after about 10 days of starting the 
chemical treatment that is long before the performance of the reactor decreased. Based on the obtained 
results, we assert that the biological indices can early predict a decline of the reactor performance due to 
coagulant overload.  
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Fig 4. Biological indices as a function of the reactor operation time: (Ƒ) Sludge biotic index (SBI); (Ɣ)  Shannon-Wiener diversity 
index based on abundance of ciliate genera (H). 
 
4. Conclusion 
The environmental quality of the activated sludge system operated with P simultaneous precipitation 
by Fe(III) was associated to the FSS concentration of the aeration basin; these solids correspond mainly to 
ferric hydroxyphosphate precipitates in the flocs. Biological indices would allow predicting situations of 
low process performance due to Fe(III) overload. The indices and the proposed model constitute control 
tools avoiding excess of coagulant dosage. 
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